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Abstract
Currently there is very limited understanding of genetic population structure in the Antarctic benthos. We conducted one of
the first studies of microsatellite variation in an Antarctic benthic invertebrate, using the ubiquitous amphipod
Orchomenella franklini (Walker, 1903). Seven microsatellite loci were used to assess genetic structure on three spatial scales:
sites (100 s of metres), locations (1–10 kilometres) and regions (1000 s of kilometres) sampled in East Antarctica at Casey
and Davis stations. Considerable genetic diversity was revealed, which varied between the two regions and also between
polluted and unpolluted sites. Genetic differentiation among all populations was highly significant (FST=0.086, RST=0.139,
p,0.001) consistent with the brooding mode of development in O. franklini. Hierarchical AMOVA revealed that the majority
of the genetic subdivision occurred across the largest geographical scale, with Nem<1 suggesting insufficient gene flow to
prevent independent evolution of the two regions, i.e., Casey and Davis are effectively isolated. Isolation by distance was
detected at smaller scales and indicates that gene flow in O. franklini occurs primarily through stepping-stone dispersal.
Three of the microsatellite loci showed signs of selection, providing evidence that localised adaptation may occur within the
Antarctic benthos. These results provide insights into processes of speciation in Antarctic brooders, and will help inform the
design of spatial management initiatives recently endorsed for the Antarctic benthos.
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Introduction
Gene flow – or genetically effective migration – is one of the
most important factors governing the evolution of species [1–3].
Gene flow can dampen localised adaptation yet spread advanta-
geous alleles for the cohesive evolution of the species (e.g. in the
face of climate change), whereas the absence of gene flow can
lead to population divergence, and ultimately speciation [4–6].
Anthropogenic impacts have the potential to disrupt gene flow and
alter genetic diversity of natural populations (e.g. [7]), thereby
affecting the evolutionary potential of species. Understanding the
genetic structure of populations will therefore shed light on how
species may respond to these impacts. Moreover, genetic studies
can help optimise the design of conservation efforts to preserve
genetic diversity, in order to help ensure the long-term adaptability
and persistence of species [8,9].
Marine fauna are currently threatened by a plethora of human
activities including fisheries harvest, habitat destruction, localised
pollution, introduced species and climate change (see [10,11]).
Initiatives such as Marine Protected Areas (MPAs) are one of the
most important tools for the conservation of marine populations,
the success of which relies on ‘spillover’ of individuals from
protected areas to replenish outside populations [12–14]. Esti-
mates of genetic connectivity thus help determine the optimal size
and placement of MPAs to achieve this desired broad-scale flux
[15,16]. There is strong evidence of a correlation between the
dispersal capacity inferred by a species’ pelagic larval phase and
the genetic connectivity of populations (and subsequent potential
for MPA connectivity), however exceptions are common, and
patterns of marine genetic structure are far from predictable
(reviewed in [17–19]). Furthermore, local adaptation has been
increasingly emphasised for its role in structuring marine
populations (e.g. [20–22]). Local adaptation may be particularly
important in the face of localised marine pollution, which can alter
allele frequencies or genetic diversity in exposed populations (e.g.
[23–25]), in turn affecting speciation processes and ultimately,
species fitness [26].
The Antarctic benthos represents one of the most isolated
marine ecosystems on the planet, with particularly unique fauna
(reviewed in [27,28]) that are considered vulnerable to future
environmental change [29]. Intraspecific genetic structure in
Antarctic benthic organisms is poorly understood, and the need for
genetic research has been highlighted [30–33]. This is particularly
pertinent given a recent endorsement by the Convention for the
Conservation of Antarctic Marine Living Resources (CCAMLR)
to establish a network of MPAs in Antarctica [34]. Determining
the location and size of these MPAs is still in progress and is
hindered by a lack of existing baseline knowledge on Antarctic
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flow and genetic diversity in Antarctica will not only help inform
the design of these MPAs, but will also shed light on the high rates
of speciation prevalent in Antarctic benthos [30,32,36]. Further-
more, studying these microevolutionary processes will help predict
the potential for Antarctic organisms to adapt to existing threats,
such as local pollution surrounding human settlements [37,38],
and broad-scale climate change [39].
Studies of gene flow in Antarctic benthic fauna have focused
primarily on large-scale connectivity over major hydrographic
features such as the Polar Front, or abyssal depths between islands
(e.g. [40–42]). Commonly, these studies have revealed highly
distinct genetic lineages assumed to represent cryptic species (see
[43] for recent summary). This partly explains why truly
intraspecific genetic patterns remain much less explored. What
has emerged from the limited population-level studies is that the
unique hydrography of Antarctica may have an important
influence on genetic structure. For instance, local circulation
patterns are believed to play a role in isolating populations of
species that display surprisingly fine-scale (,20 km) genetic
subdivision, despite possessing pelagic larvae for dispersal
(Notothenioidei: [44]; Bivalvia: [45]). Other unique mechanisms
such as iceberg scouring and historical glaciation have been
implicated when populations from different locations exhibit
markedly different levels of genetic diversity (e.g. Amphipoda:
[46]; Isopoda: [47], Ascidiacea: [48]; Pycnogonida: [49]).
Brooding benthic organisms are particularly interesting candi-
dates in which to address questions of gene flow and speciation in
Antarctica, as their lack of a pelagic dispersal phase should lead to
high genetic structuring of populations [50,51]. In Antarctica,
brooding taxa are highly speciose and largely endemic, with
several groups that have undergone intense radiation [52–55].
One such group is the amphipods, which are remarkably
abundant crustaceans that occupy a wide range of ecological
niches and play a significant role in Antarctic trophic exchanges
[50,56–58]. We chose to study the ubiquitous amphipod
Orchomenella franklini (Walker, 1903) to address the current paucity
of knowledge on intraspecific genetic structure in Antarctic
benthos. O. franklini often dominates Antarctic shallow water
communities [59–62], and its presence in polluted bays adjacent to
Antarctic research stations allowed us to investigate potential
effects of contamination on genetic diversity.
We used microsatellite markers to investigate genetic variation
in O. franklini. Microsatellites are tandem repeats of typically one to
six nucleotides that mutate rapidly and are found at high
frequency in most eukaryotic genomes [63,64]. The high
variability of microsatellites enables resolution of genetic structure
over fine (,100 km) spatial scales [32,63–67], which in Antarctica
remain the least understood [32,68]. To our knowledge just a
single study to date has used microsatellites to explore gene flow in
an Antarctic benthic invertebrate, and this focused on large-scale
migration between islands [48]. Thus we present the first known
Antarctic study of microsatellite variation in a benthic invertebrate
over small (100 s of metres), moderate (10 s of kilometres), and
large (1000 s of kilometres) spatial scales.
Materials and Methods
Sampling
Samples of Orchomenella franklini were collected from two
geographical regions, adjacent to the Australian research stations
Casey (66uS, 110uE) and Davis (68uS, 78u9E), in East Antarctica.
Casey and Davis are separated by approximately 1400 km (Fig. 1),
and were sampled during the summer months of 2009 and 2010
respectively. Within the Casey region samples were collected at
eight locations (,1–30 km apart; Fig. 1). Within the Davis region
samples were collected at four locations (,3–20 km apart; Fig. 1).
Locations were classified as either polluted or unpolluted (Fig. 1,
Table S1) based on proximity to known contaminated areas
[69–71], and knowledge of the extent of dispersion of these
Figure 1. Maps showing the regions and locations sampled for Orchomenella franklini. Map of Antarctica shows the relative position of
Casey and Davis; close-up maps of each region show the locations sampled (dark boxes indicate polluted locations). Locations are Zappet (ZP), Wharf
(WH), Old Wallow (OW), Sorsdal (SD), Honkala (HO), Wilkes (WK), McGrady (MG), Newcombe (NE), Brown (BB), Shannon (SH), Sparkes (SP) and Peterson
(PE). Within each location one to four replicate sites were sampled at a depth ,10 m (see Table S1 for further region, location and site details).
Images derived from base maps courtesy of the Australian Antarctic Data Centre.
doi:10.1371/journal.pone.0034363.g001
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and faecal sterols. Within each location two to four sites were
sampled 100 m apart, except in two instances where only a single
site was accessible due to local ice conditions (Table S1). At each
site a van-veen grab was used to take a small (,1m
3) sample of
the benthic sediment from no more than 10 m water depth. This
sediment was sieved on a 0.5 mm mesh and retained fauna were
sorted under a dissecting microscope. All identified O. franklini
specimens were removed and stored at 4uC in vials of 80% ethanol
(see Table S1 for final sample sizes). All necessary permits were
obtained for the described field studies from the Commonwealth
of Australia under the Antarctic Marine Living Resources Act
1981. Collections from Casey were made under permit AMLR 08-
09-3051 and collections from Davis were made under permit
AMLR 09-10-3051; voucher specimens are held at the Australian
Antarctic Division.
Development of microsatellite loci
A genomic library of O. franklini was made by ecogenics Gmbh
(Zurich, Switzerland) based on a pooled sample of DNA from 15
individual amphipods. SNX forward and reverse linkers were
ligated onto size-selected DNA following the procedure of [73]
and these were enriched for (TAC)10, (AAC)10, (GT)13, (CT)13 and
(ACAG)7 oligonucleotide repeats by magnetic bead selection
[74,75]. The enriched library was cloned and 1406 recombinant
colonies screened for the presence of microsatellites by hybridisa-
tion. DNA inserts from 230 positive clones were subsequently
sequenced and primers were designed for 23 microsatellite loci
and tested for polymorphism. Seven loci (Table 1) were considered
suitable for population-level analysis.
Microsatellite genotyping
Whole specimens of O. franklini were used for DNA extractions
due to small body size (2–8 mm). DNA was extracted using the
DNeasy Blood and Tissue Kit (QIAGEN) according to the
manufacturer’s instructions, with elution volume decreased to
120 ml to maximise DNA concentration. Microsatellite loci were
amplified in three multiplex polymerase chain reactions (PCRs)
(Table 1). For multiplex reactions A and B, 20 ml reactions using the
QIAGEN Multiplex PCR kit were used, with a final concentration
of 16Qiagen Multiplex PCR Master Mix (provides 3 mM MgCl
and one unit HotStar Taq DNA Polymerase), 0.2 mM each primer
(forward primers were fluorescently labeled), and approximately
100 ng template DNA. Capillary separation of amplified fragments
occurred on an automated sequencer (CEQ 8000, Beckman
Coulter), and alleles were scored (according to PCR fragment size)
with CEQ 8000 Genetic Analysis System software version 8.0.
Multiplex C was amplified at the Australian Genome Research
Facility, with capillary separation occurring on an Applied
Biosystems 3730 DNA Analyser and alleles scored using Applied
Biosystems GeneMapper software version 3.1. All fragment data
were visually checked for allele scoring errors and stutter. Micro-
checker 2.2.3 [76] was used to check data for the presence of null
alleles. Loci were tested for linkage disequilibrium in Genepop
4.0.10 [77] with the critical level p,0.05 adjusted for multiple
comparisons, using the sequential Bonferroni procedure [78].
Genetic diversity of populations
Measures of genetic diversity, including observed heterozygosity
(HO), unbiased expected heterozygosity (HE) and allelic richness
(standardised for sample size: AR) at each locus were calculated in
FSTAT 2.9.3 [79]. To determine whether diversity measures
differed between Casey and Davis, and among polluted and
unpolluted sites, permutation tests were performed on HO, HS and
AR in FSTAT. The number of private alleles (PA) at each site was
determined using Genalex 6.41 [80]. There is evidence that the
occurrence of private alleles most closely follows a Poisson
distribution [81], so we used a Poisson generalised linear model
to assess the effect of region and pollution on PA, carried out in R
2.12.2 [82].
Table 1. Details for the seven microsatellite loci amplified in Orchomenella franklini.
Multiplex PCR thermal protocol Locus Primer sequence (59-39)
Flourescent
dye
Repeat
motif
Total no.
of alleles
Allele size
range (bp)
A 15 min at 95uC Orcfra4 F: AGCAGTCCCTAACAGAAATGG D2 (AAC)7 9 97–116
[30 s at 94uC, 90 s at 58.5uC,
60 s at 72uC] x31
R: GGCGCTCCAATAAGTTCTTC
30 min at 72uC Orcfra5 F: GTGGGGGCTACGGTAGAAAC D3 (CAA)7 6 138–159
R: TTGTTTGTATTGCTCTTGTAACTATTG
B 15 min at 95uC Orcfra3 F: AAACACAGCCCCAGTTGATG D2 (CAA)9 8 228–249
[30 s at 94uC, 90 s at 61.5uC,
60 s at 72uC] x31
R: TACCATCCCAGGACCACAAG
30 min at 72uC Orcfra13 F: AGATGCTGTATTATACTCGTGCTG D3 (TGT)6 7 113–128
R: CGATCTGCAACATAAACAACAAC
Orcfra26 F: CGAGCCTGTGCACTCCTAC D4 (CA)4GA(CA)7 8 157–173
R: CGGTGGATAGTTGTTCATGC
C 15 min at 95uC Orcfra6 F: TGTAGACATCACTGCTGGTTAGG NED (CTA)6 18 86–102
[30 s at 94uC, 30 s at 55uC,
60 s at 72uC] x40
R: TCGTTTTGCATCAAGACCAC
10 min at 72uC Orcfra12 F: CCGGGGTTCTATGAATTACC FAM (CTAC)21 24 197–237
R: AGCGCTAAGTGGTGATGAAG
PCR thermal protocols and corresponding primer details are given for each multiplex reaction. Fluorescent dyes were used to label the forward primers. The number of
alleles provided is the total observed across all individuals.
doi:10.1371/journal.pone.0034363.t001
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Genepop) were used to test for departures from Hardy-Weinberg
Equilibrium, with Wright’s fixation index (FIS) for each locus-site
combination used to determine the nature of those departures
(where FIS,0 indicates heterozygote excess and FIS.0 indicates
heterozygote deficits). Significance levels were adjusted for multiple
comparisons using the sequential Bonferroni procedure [78].
Cryptic species are common in Antarctic benthic invertebrate
fauna [51], in part because many taxa are poorly studied. To
check for the presence of cryptic species within O. franklini,
Principal Coordinate Analysis (PCoA in Genalex) was used to
examine the complete multilocus data set for evidence of distinct
genetic groups [83,84].
Population differentiation
We calculated Weir and Cockerham’s FST estimates [85] to
examine genetic differentiation among all sites. Since FST assumes
an infinite allele model of mutation (IAM), we also calculated RST
which assumes a stepwise mutation model (SMM). Currently there
is no consensus over which model is more appropriate for
microsatellite data, so the conservative approach is to calculate
both [86]. FST and RST were calculated in Arlequin 3.11 [87], using
50000 permutations to assess significance. The high variability of
microsatellites can result in depressed estimates of FST, therefore we
also calculated ‘F`
ST’ (a standardised measurement which accounts
for high within-population variation), using RECODEDATA 0.1
[88]. Matrices of the pairwise differentiation (as both FST and RST)
between all sites were generated in Genepop.
The partitioning of genetic variation among regions, locations
nested within regions, sites nested within locations and individuals
nested within sites was determined using a four-level hierarchical
analysis of molecular variance (AMOVA). AMOVA was performed
using Hierfstat [89], which calculates variance components and
F-statistics [85] for each hierarchical level according to [90].
Departures from values expected under panmixis (i.e. FST=0) at
each hierarchical level were determined with 10,000 permutations
of the data. We estimated the migration occurring between Casey
and Davis as Nem=1/4(1/FST21) [91], using the FST among
regions generated from hierarchical AMOVA. FST varied consid-
erably among loci (see results), so we tested for evidence of selection
at each of the seven loci using Lositan [92]. Confidence intervals
(99%) for neutral loci were determined using 20,000 simulations
and the recommended ‘neutral mean FST’ option [93].
Coastal marine populations are unlikely to disperse according to
the island model [94] so we tested for evidence of isolation by
distance (which indicates a stepping-stone mode of dispersal: [95])
among O. franklini populations within the Casey and Davis regions.
We examined the relationship between geographic distance (as the
natural logarithm of the shortest water-based route) and genetic
differentiation (as linearised FST; i.e. FST/(12FST)) between all sites
within each region, using Mantel tests implemented in Genepop.
Theshortestwater-basedroutewasanestimationofthedirectlinear
distance (or combination of linear vectors) that an amphipod could
feasibly travel between sites (there was insufficient data on ice cover
or currents to allow for a more biologically-relevant estimate).
Mantel tests were also performed assuming the SMM (i.e. using
RST/(12RST) for genetic differentiation estimates). Data were
permuted 10,000 times to determine significance.
Results
Genetic diversity of populations
A total of 718 Orchomenella franklini specimens were genotyped for
the seven microsatellite loci (448 from Casey, 270 from Davis:
Table S1). None of the loci showed evidence of linkage
disequilibrium (p.0.05 for all pairwise comparisons). The number
of alleles observed at each locus ranged from 6 to 24 (Table 1).
Average allelic richness, observed heterozygosity and expected
heterozygosity were all significantly higher at Davis (AR=4.46,
HO=0.495, HE=0.574), compared to Casey (AR=3.62,
HO=0.428, HE=0.447; p,0.001; Table 2). None of these
diversity measures were found to differ significantly among
polluted and unpolluted sites within either of the regions.
A total of 16 private alleles were observed across the entire
dataset (Table S2). Standard diagnostics revealed that the Poisson
generalised linear model was an appropriate model for the number
of private alleles per population (PA), with no evidence of
overdispersion. The model revealed strong evidence that PA was
significantly greater at Davis than at Casey (p=0.002), and also
significantly greater at unpolluted sites compared to polluted sites
(p=0.005; Table S2). There was no evidence of a significant
interaction between the two factors (p=0.307), and average
sample size was almost identical for unpolluted and polluted
populations, thus could be disregarded as a potential confounding
factor.
Most populations were in Hardy-Weinberg Equilibrium: of the
175 tests across all loci by all sites, only eight were significant after
bonferroni correction (Table S2). For just one of these significant
departures from HWE did the FIS value represent an excess of
heterozygotes (at locus Orcfra13 for site NEa at Casey; Table S2).
The remaining seven were heterozygote deficits at locus Orcfra4
(Table S2) and all of these occurred at Davis sites. Heterozygote
deficits can result from the presence of null alleles; indeed at
Orcfra4 we found evidence of null alleles for all nine sites at Davis,
and for three of the 16 sites at Casey. We subsequently adjusted
allele frequencies at Orcfra4 to account for the presence of null
alleles (using the Oosterhout correction algorithm in Micro-
checker), but this made no difference to the significance of genetic
differentiation or isolation by distance determined under either the
IAM or SSM, therefore results for the raw data alone are
presented for simplicity. Evidence of null alleles was also detected
at Orcfra5 (in five sites), and Orcfra6 (in three sites). Adjusting allele
frequencies at these loci was considered unnecessary because the
null alleles were only detected in a small proportion of the total 25
sites.
There was no evidence of cryptic species within the samples of
O. franklini from Casey and Davis. Although PCoA explained 67%
Table 2. Genetic diversity of Orchomenella franklini
populations from Casey and Davis.
Casey Davis
AR HE HO AR HE HO
Orcfra3 4.655 0.730 0.709 4.768 0.691 0.663
Orcfra4 1.848 0.118 0.089 3.705 0.630 0.230
Orcfra5 1.547 0.081 0.053 2.404 0.197 0.128
Orcfra6 6.009 0.814 0.795 5.409 0.645 0.584
Orcfra12 6.975 0.812 0.766 9.287 0.895 0.900
Orcfra13 2.963 0.533 0.542 3.066 0.522 0.541
Orcfra26 1.338 0.040 0.041 2.567 0.438 0.422
Overall 3.619 0.447 0.428 4.458 0.574 0.495
Allelic richness (AR), expected heterozygosity (HE), and observed heterozygosity
(Ho) are given for each microsatellite locus, and averaged over all loci.
doi:10.1371/journal.pone.0034363.t002
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co-ordinates, it indicated just a single genetic group within the
sample (Fig. S1).
Population differentiation
Genetic differentiation among all sites was highly significant,
regardless of the mutational model assumed (FST=0.086, p,0.001;
RST=0.139, p,0.001; F`
ST=0.162; Table 3). Hierarchical
AMOVA revealed that the majority of this genetic differentiation
occurred between Casey and Davis (69%), with significant
differentiation also occurring among locations within each region
(2%), but not among sites within each location (Table 4). A
considerable amount of the variation (29%) was also due to
differences among individuals within each site (Table 4). This
hierarchical structure was also reflected in pairwise differentiation
estimates: FST between Casey sites and Davis sites ranged from
0.120 to 0.199, whereas pairwise FST estimates among all sites
within Casey and Davis ranged from 0 to 0.031 (Table S3). Pairwise
RST estimates were consistently higher than FST values, but showed
the same pattern; ranging from 0.063 to 0.486 between Casey and
Davis, from 0.000 to 0.119 within Casey, and from 0.000 to 0.129
within Davis (Table S3). The estimate of migration (Nem) occurring
between Casey and Davis was 1.4 (both before and after the
removal of loci under selection; see below).
Locus Orcfra4 produced the highest overall FST values (Table 3),
and we found evidence that this locus was under directional
selection (as indicated by 99% confidence intervals). We also
detected balancing selection at the two loci which produced the
lowest overall FST estimates: Orcfra5 and Orcfra12 (Table 3). We
subsequently removed these three loci from the analyses, but the
results remained unchanged (Tables 3 and 4). FST estimates for the
differentiation of locations within regions were not particularly
high for Orcfra4, nor were they particularly low for Orcra5 and
Orcfra12. Indeed, when we tested loci for evidence of selection
within the Casey and Davis datasets independently, all loci were
found to be neutral. This suggests that selection associated with
Orcfra4, Orcfra5 and Orcfra12 is occurring at the regional scale (i.e.
between Casey and Davis) but not on a smaller scale (i.e. between
populations within each of the regions).
We found evidence of isolation by distance indicative of
stepping-stone dispersal among sites within both the Casey and
Davis regions. Mantel tests indicated a significant correlation
between genetic and geographic distance under both the IAM
(Casey: p=0.002; Davis: p=0.000; Fig. 2A), and the SMM
(Casey: p=0.003; Davis: p=0.019; Fig. 2B).
Discussion
This study has revealed considerable genetic diversity and
population differentiation in the ubiquitous Antarctic benthic
invertebrate, Orchomenella franklini. Genetic differentiation was most
pronounced across 1000 s of km between Casey and Davis,
indicating that populations in these two regions are effectively
isolated. At local scales, genetic differentiation was consistent with
a stepping-stone model of dispersal and we conclude that
individuals maintain gene flow over hundreds of metres, but that
dispersal across larger distances occurs rarely. In addition, we
found evidence of differential selection occurring between the
Casey and Davis populations and suggest this represents localised
adaptation in O. franklini. The lack of gene flow among populations
and evidence of selection provide an insight into processes of
speciation in Antarctic brooders, and should be considered in
future management initiatives for the Antarctic benthos.
Contrasting levels of genetic diversity in O. franklini
populations
While microsatellite variation in all O. franklini populations was
considerable, genetic diversity was significantly lower at Casey than
at Davis. Contrasting levels of genetic diversity among populations
of high latitude species are often suggested to reflect signatures of
historical glaciation [31,46,96], however this is unlikely to explain
our data, as microsatellite variation should reflect more recent
demographic processes [97]. One potential explanation is differ-
ences in the spatial heterogeneity of Casey and Davis: it is generally
accepted that greater environmental heterogeneity will maintain a
Table 3. Estimates of genetic differentiation (FST, RST and F9ST)
among all sites for Orchomenella franklini.
FST RST F9ST
Orcfra3 0.091 0.177 0.254
Orcfra4 0.206 0.234 0.205
Orcfra5 0.012 0 0.013
Orcfra6 0.056 0.027 0.146
Orcfra12 0.049 0.147 0.128
Orcfra13 0.089 0.133 0.159
Orcfra26 0.154 0.161 0.190
Overall: 0.086*** 0.139*** 0.162
(0.085***)
Estimates of genetic differentiation are given for each locus and over all loci.
The overall estimate of FST excluding loci potentially under selection (Orcfra4,
Orcfra5 and Orcfra12) is provided in parentheses. Negative values have been
converted to zero. Significance of differentiation is indicated as ***p,0.001.
doi:10.1371/journal.pone.0034363.t003
Table 4. The partitioning of genetic variation in Orchomenella franklini at each spatial level as indicated by hierarchical AMOVA.
Over all loci Excluding potentially selected loci
F-statistic var. component % variance F-statistic var. component % variance
Among regions 0.156*** 0.640 68.7 0.152*** 0.393 86.4
Among locations within regions 0.005** 0.019 2.0 0.006** 0.014 3.0
Among sites within locations 0 0 0 0 0 0
Within sites 0.079 0.273 29.3 0.002 0.048 10.6
Results of the analysis excluding loci potentially under selection (Orcfra4, Orcfra5 and Orcfra12) are also provided. Negative values have been converted to zero.
Significance is indicated as *p,0.05, **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0034363.t004
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While there is no published comparison of Casey and Davis
environments, studies have generally emphasised the high hetero-
geneity of Davis benthic habitats, which include fjords and fjord
mouths, open wave-exposed coast and significant quantities of wind
blown sediment resulting from large ice-free areas [99,100].
Preliminary measurements of sediment properties also indicate
greater heterogeneity at Davis, with a range in mean sediment grain
size range among Davis locations of approximately 516 mma n da
range among Casey locations of approximately 222 mm. Similarly,
the total organic carbon content of sediments ranges up to 15% at
Davis, and onlyup to 10%at Casey (the authors, unpublished data).
Different levels of iceberg scouring (see [47]) and interspecific
competition (see [48]) have also been proposed to explain
contrasting genetic diversity among Antarctic benthic invertebrate
populations, providing further plausible explanations for the
observed differences between Casey and Davis.
There was some evidence of an effect of local anthropogenic
pollution on genetic diversity. Although allelic richness and
heterozygosity measures appeared unaffected, the number of
private alleles per population was lower in polluted locations.
Private alleles are an important measure of genetic diversity [101],
and a reduction in private alleles may occur through many
mechanisms including population bottlenecks, selection against
sensitive genotypes or even depressed mutation rates due to
contaminants [26]. While elucidating the contribution of these
Figure 2. The relationship between geographic distance and a) linearised FST, and b) linearised RST, for Orchomenella franklini. In both
cases, genetic isolation by distance was significant (see Results). Green circles represent data from Casey; blue diamonds represent data from Davis.
doi:10.1371/journal.pone.0034363.g002
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populations is beyond the scope of this study, the result indicates
that further examination of the genetic effects of anthropogenic
pollution on Antarctic benthos will be important. Interestingly,
significantly lower genetic diversity has also been observed for
contaminated populations of the amphipod Orchomenella pinguis
from the Arctic [102], suggesting that amphipods may be useful
bioindicators of anthropogenic induced genetic change in polar
regions.
Restricted gene flow in O. franklini
Genetic differentiation among populations of O. franklini was
greatest between the two major geographical regions Casey and
Davis, which explained 69% of all microsatellite variation
observed. Significant FST of 0.16, pairwise FST values of up to
0.2, and RST values up to nearly 0.5 indicate that the two regions
are effectively isolated. Importantly, this significant genetic
differentiation was still evident after removal of loci under
selection, confirming that genetic drift due to restricted gene flow
is important in driving this strong genetic subdivision between
Casey and Davis. Estimated Nem of 1.4 provides further evidence
that there is insufficient exchange of individuals between these
regions to prevent them from diverging on independent evo-
lutionary trajectories [4,103].
Gene flow in O. franklini is also limited across relatively small
spatial scales. Although there was no significant differentiation
revealed between replicate sites within locations, indicating that
animals are panmictic over 100 s of metres, we did find genetic
differentiation among locations within regions (i.e. across distances
of 1–30 km). There was a clear pattern of isolation by distance
within both Casey and Davis, indicating that migration occurs
primarily between adjacent populations [104]. This is one of the
first reports of population differentiation over such a small distance
for an Antarctic benthic invertebrate. Limited gene flow over these
scales is consistent with the brooding development in O. franklini,
which predicts highly restricted capacity for dispersal. Indeed,
similar findings have been reported for brooding taxa from
temperate and tropical regions (e.g. [105–108]). Whilst some
studies of brooding Antarctic invertebrates have also revealed
strong intraspecific structure [46,49], other Antarctic brooders
have shown evidence of gene flow over remarkably large distances,
purported to reflect passive dispersal via the Antarctic Circumpo-
lar Current [48,109]. Clearly, such a mode of dispersal does not
occur in O. franklini, despite its wide distribution around the
Antarctic coast [110], as verified in this study by the absence of
any evidence for cryptic species. Similar to conclusions drawn by
[49] for a circum-Antarctic brooding pycnogonid, we suggest that
O. franklini has achieved its widespread distribution through
historical colonisation, but that contemporary gene flow over
large distances is severely limited. Such restricted gene flow is likely
to promote allopatric speciation between populations and
therefore supports the notion that limited dispersal has contributed
to the high species diversity observed in Antarctic amphipods [50]
and brooding taxa in general [111].
Evidence of local adaptation
We detected directional selection acting between Casey and
Davis populations of O. franklini at locus Orcfra4, providing further
evidence that these two regions are isolated and evolving
independently. Although microsatellites are considered a neutral
marker, they have increasingly been shown to reflect selection by
genetic hitch-hiking [93,112,113]. Rather than rendering them
uninformative, this provides valuable, biologically-relevant infor-
mation on population structure [114,115]. Selection did not
appear to occur between locations or sites within each region,
suggesting there exists a large-scale selection pressure, to which
populations across entire regions are differentially adapted. This
selection provides a likely explanation for the significant
inbreeding observed at Orcfra4 for most Davis populations, yet
none from Casey. Additionally, loci Orcfra5 and Orcfra12 showed
evidence of balancing selection, indicating that homogenizing
selection pressures also act across both of the regions.
Localised adaptation of Antarctic benthic populations has
barely been researched to date, as the stability of the environment
has long fostered the view of a relatively homogenous fauna [116–
119]. Whilst this theory has since been dispelled by observations of
distinctly heterogenous species assemblages [120,121], little
genetic research has addressed the issue. Locally adapted
populations may reduce the potential for a species to respond
cohesively to broad-scale environmental change, as advantageous
alleles will not have the opportunity to become widespread [4,5].
Rather, local adaptation is likely to facilitate speciation, as
populations subject to differential selection pressures become
more genetically isolated over time [122,123]. For O. franklini, the
potential for speciation between Casey and Davis populations will
ultimately be determined by the interplay of both directional and
balancing selective forces, along with continued genetic drift in the
face of restricted gene flow.
Implications for conservation and future research
The geographical isolation of O. franklini populations has
important implications for the future design of Antarctic MPAs.
To maintain connectivity in this species and replenish any
diminished populations outside reserve boundaries, a very close
spacing of protected areas would be required. Of course, final
management designs must incorporate such information from a
wide variety of taxa, nevertheless, the high prevalence of brooding
in Antarctic benthic species [59,124] suggests that maintaining
connectivity between reserves will emerge as a key design
challenge. Of further importance to Antarctic benthic manage-
ment is the different levels of genetic diversity observed within O.
franklini (e.g. between Casey and Davis populations). Conserving
genetic diversity within species is crucial as it provides the raw
material for adaptation to changing conditions, hence facilitating
long-term persistence [8,125]. Thus, if management efforts
inadvertently protect populations with lower genetic diversity, as
has already been shown to occur in one established marine reserve
(see [9]), the evolutionary potential of species may be compro-
mised. Our study also provided preliminary evidence of a loss of
genetic diversity in polluted populations, which may further
increase their susceptibility to any ongoing stressors [126,127].
Such indications of anthropogenic induced genetic change require
further attention in the Antarctic, where pollutants are highly
localised [38], yet their effects on marine fauna are largely
unknown [128].
Clearly, intraspecific genetic structure is a field that warrants
increased research in the Antarctic benthos. To date this has been
hampered by the logistical difficulties of sampling such an extreme
environment [129], as well as by the common discovery of cryptic
species, which drastically lowers intraspecific sample size. Our
results highlight that future research should address intraspecific
gene flow over several spatial scales, as mechanisms acting over
one scale may not be apparent over another. Despite Antarctica’s
suite of remarkably stable environmental features and long-held
views of a homogenous fauna, our study suggests that populations
may be adapted to local selection pressures within the Antarctic
benthic environment, and this may help explain the high rates
of speciation in amphipods and other Antarctic brooders. The
Genetic Connectivity in the Antarctic Benthos
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molecular markers should further illuminate such microevolution-
ary patterns in the Antarctic benthos [32], although increased
research on the underlying ecology of species will help interpret
the patterns revealed, in particular the processes driving local
adaptation. Ultimately, this will improve our understanding of
Antarctic benthic species responses to environmental change, and
how best to manage this unique environment.
Supporting Information
Figure S1 Results of Principal Coordinate Analysis on
multilocus genotypes of Orchomenella franklini. Over
50% of genetic variation is explained within the first two
coordinates, however, there is no single group sufficiently discrete
to indicate cryptic species in the dataset.
(TIF)
Table S1 Regions, locations, and sites sampled for
Orchomenella franklini, with corresponding sample size
(n). Locations (and respective sites) in bold have been classified as
polluted.
(DOC)
Table S2 Inbreeding coefficients by locus (FIS) and the
number of private alleles (PA) for each population of
Orchomenella franklini. Asterisks indicate significant depar-
tures from Hardy-Weinberg Equilibrium (p,0.05) after Bonfer-
roni correction. Dashes indicate that a locus was monomorphic,
hence FIS could not be estimated. Polluted sites are in bold.
(DOC)
Table S3 Matrix of pairwise differentiation estimates
for all Orchomenella franklini populations sampled at
Casey and Davis. FST below diagonal; RST above diagonal.
Estimates of differentiation between Casey and Davis populations
are italicised. Negative values have been converted to zero.
Polluted sites are in bold.
(DOC)
Acknowledgments
We thank Jim Lowry from the Australian Museum for confirming the
morphological identification of Orchomenella franklini. We are also grateful to
Simon Wotherspoon from the University of Tasmania for statistical advice,
and Patti Virtue for providing feedback to improve the manuscript. Finally,
we are indebted to all those who aided in marine fieldwork during the
Antarctic field season at Casey Station in 2009, and at Davis Station in
2010.
Author Contributions
Conceived and designed the experiments: HPB KJM JSS. Performed the
experiments: HPB. Analyzed the data: HPB KJM. Contributed reagents/
materials/analysis tools: HPB KJM JSS. Wrote the paper: HPB. Data
interpretation: HPB KJM. Provided editorial revisions on manuscript:
KJM JSS. Approved final version of manuscript: KJM JSS.
References
1. Slatkin M (1994) Gene flow and population structure. In: Real LA, ed.
Ecological Genetics. Princeton, USA: Princeton University Press. pp 3–17.
2. Morjan CL, Rieseberg LH (2004) How species evolve collectively: implications
of gene flow and selection for the spread of advantageous alleles. Molecular
Ecology 13: 1341–1356.
3. Bohonak AJ (1999) Dispersal, gene flow and population structure. The
Quarterly Review of Biology 74: 21–45.
4. Slatkin M (1987) Gene flow and the geographic structure of natural
populations. Science 236: 787–792.
5. Levins R (1964) The theory of fitness in a heterogeneous environment. IV. The
adaptive significance of gene flow. Evolution 18: 635–638.
6. Gooch JL (1975) Mechanisms of evolution and population genetics. In:
Kinne O, ed. Marine Ecology: A Comprehensive, Integrated Treatise on Life
in Oceans and Coastal Waters: 2 Physiological Mechanisms. London, UK:
Wiley-Interscience. pp 349–409.
7. Allendorf FW, England PR, Luikart G, Ritchie PA, Ryman N (2008) Genetic
effects of harvest on wild animal populations. Trends in Ecology & Evolution
23: 327–337.
8. Bowen BW (1999) Preserving genes, species, or ecosystems? Healing the
fractured foundations of conservation policy. Molecular Ecology 8: S5–S10.
9. Bell JJ, Okamura B (2005) Low genetic diversity in a marine nature reserve: re-
evaluating diversity criteria in reserve design. Proceedings of the Royal Society
of London B: Biological Sciences 272: 1067–1074.
10. Gray JS (1997) Marine biodiversity: patterns, threats and conservation needs.
Biodiversity and Conservation 6: 153–175.
11. Costello MJ, Coll M, Danovaro R, Halpin P, Ojaveer H, et al. (2010) A census
of marine biodiversity knowledge, resources, and future challenges. PLoS ONE
5: e12110. doi:10.1371/journal.pone.0012110.
12. Agardy TM (1994) Advances in marine conservation: the role of marine
protected areas. Trends in Ecology & Evolution 9: 267–270.
13. Lubchenco J, Palumbi SR, Gaines SD, Andelman S (2003) Plugging a hole in
the ocean: the emerging science of marine reserves. Ecological Applications 13:
S3–S7.
14. Sale PF, Kritzer JP (2003) Determining the extent and spatial scale of
population connectivity: decapods and coral reef fishes compared. Fisheries
Research 65: 153–172.
15. Palumbi SR (2003) Population genetics, demographic connectivity, and the
design of marine reserves. Ecological Applications 13: S146–S158.
16. Shanks AL, Grantham BA, Carr MH (2003) Propagule dispersal distance and
the size and spacing of marine reserves. Ecological Applications 13: S150–S169.
17. Palumbi SR (1995) Using genetics as an indirect estimator of larval dispersal.
In: McEdward L, ed. Ecology of Marine Invertebrate Larvae. Boca Raton,
USA: CRC Press. pp 369–387.
18. Miller KJ, Ayre DJ (2008) Population structure is not a simple function of
reproductive mode and larval type: insights from tropical corals. Journal of
Animal Ecology 77: 713–724.
19. Fe ´ral J-P (2002) How useful are the genetic markers in attempts to understand
and manage marine biodiversity? Journal of Experimental Marine Biology and
Ecology 268: 121–145.
20. Hedgecock D (1986) Is gene flow from pelagic larval dispersal important in the
adaptation and evolution of marine invertebrates? Bulletin of Marine Science
39: 550–564.
21. Hilbish TJ (1996) Population genetics of marine species: the interaction of
natural selection and historically differentiated populations. Journal of
Experimental Marine Biology and Ecology 200: 67–83.
22. Sotka EE (2005) Local adaptation in host use among marine invertebrates.
Ecology Letters 8: 448–459.
23. Battaglia B, Bisol P, Rodino ` E (1980) Experimental studies on some genetic
effects of marine pollution. Helgoland Marine Research 33: 587–595.
24. DeWolfH,BlustR,BackeljauT(2004)ThepopulationgeneticstructureofLittorina
littorea(Mollusca: Gastropoda)along a pollution gradient inthe Scheldt estuary(The
Netherlands) using RAPD analysis. Science of The Total Environment 325: 59–69.
25. Ma XL, Cowles DL, Carter RL (2000) Effect of pollution on genetic diversity
in the bay mussel Mytilus galloprovincialis and the acorn barnacle Balanus glandula.
Marine Environmental Research 50: 559–563.
26. Bickham JW, Sandhu S, Hebert PDN, Chikhi L, Athwal R (2000) Effects of
chemical contaminants on genetic diversity in natural populations: implications
for biomonitoring and ecotoxicology. Mutation Research/Reviews in Muta-
tion Research 463: 33–51.
27. Arntz WE, Brey T, Gallardo VA (1994) Antarctic zoobenthos. Oceanography
and Marine Biology: an Annual Review 32: 241–304.
28. Picken GB (1985) Benthic research in Antarctica: past, present and future. In:
Gray JS, Christiansen ME, eds. Marine Biology of Polar Regions and Effects of
Stress on Marine Organisms. Chichester, UK: John Wiley & Sons. pp
167–184.
29. Peck LS (2005) Prospects for survival in the Southern Ocean: vulnerability of
benthic species to temperature change. Antarctic Science 17: 497–507.
30. Thatje S, Hillenbrand C-D, Larter R (2005) On the origin of Antarctic marine
benthic community structure. Trends in Ecology and Evolution 20: 534–540.
31. Wilson N, Hunter R, Lockhart S, Halanych K (2007) Multiple lineages and
absence of panmixia in the circumpolar crinoid Promachocrinus kerguelensis from
the Atlantic sector of Antarctica. Marine Biology 152: 895–904.
32. Held C, Leese F (2007) The utility of fast evolving molecular markers for
studying speciation in the Antarctic benthos. Polar Biology 30: 513–521.
33. Hoffman JI, Peck LS, Linse K, Clarke A (2010) Strong population genetic
structure in a broadcast-spawning Antarctic marine invertebrate. Journal of
Heredity.
34. Commission for the Conservation of Antarctic Marine Living Resources (2005)
Marine Protected Areas in the Context of CCAMLR: A Management Tool for
the Southern Ocean. Marine Protected Areas Workshop 29 August–1
September 2005; Silver Spring, Maryland, USA.
Genetic Connectivity in the Antarctic Benthos
PLoS ONE | www.plosone.org 8 March 2012 | Volume 7 | Issue 3 | e3436335. Harris J, Haward M, Jabour J, Woehler EJ (2007) A new approach to selecting
Marine Protected Areas (MPAs) in the Southern Ocean. Antarctic Science 19:
189–194.
36. Leese F, Held C (2008) Identification and characterization of microsatellites
from the Antarctic isopod Ceratoserolis trilobitoides : nuclear evidence for cryptic
species. Conservation Genetics 9: 1369–1372.
37. Clarke A, Harris CM (2003) Polar marine ecosystems: major threats and future
change. Environmental Conservation 30: 1–25.
38. Lenihan HS, Oliver JS, Oakden JM, Stephenson MD (1990) Intense and
localized benthic marine pollution around McMurdo Station, Antarctica.
Marine Pollution Bulletin 21: 422–430.
39. Meredith MP, King JC (2005) Rapid climate change in the ocean west of the
Antarctic Peninsula during the second half of the 20th century. Geophysical
Research Letters 32: L19604.
40. Wilson NG, Schro ¨dl M, Halanych KM (2009) Ocean barriers and glaciation:
evidence for explosive radiation of mitochondrial lineages in the Antarctic sea
slug Doris kerguelenensis (Mollusca, Nudibranchia). Molecular Ecology 18:
965–984.
41. Linse K, Cope T, Lo ¨rz A-N, Sands C (2007) Is the Scotia Sea a centre of
Antarctic marine diversification? Some evidence of cryptic speciation in the
circum-Antarctic bivalve Lissarca notorcadensis (Arcoidea: Philobryidae). Polar
Biology 30: 1059–1068.
42. Hunter RL, Halanych KM (2008) Evaluating connectivity in the brooding
brittle star Astrotoma agassizii across the Drake Passage in the Southern Ocean.
Journal of Heredity 99: 137–148.
43. Janosik AM, Halanych KM (2010) Unrecognized Antarctic biodiversity: a case
study of the genus Odontaster (Odontasteridae; Asteroidea). Integrative and
Comparative Biology.
44. Clement O, Ozouf-Costaz C, Lecointre G, Berrebi P (1998) Allozymic
polymorphism and phylogeny of the family Channichthyidae. In: di Prisco G,
Pisano E, Clarke A, eds. Fishes of Antarctica: A Biological Overview. Milan,
Italy: Springer-Verlag Publishers. pp 299–309.
45. Guidetti M, Marcato S, Chiantore M, Patarnello T, Albertelli G, et al. (2006)
Exchange between populations of Adamussium colbecki (Mollusca: Bivalvia) in the
Ross Sea. Antarctic Science 18: 645–653.
46. Baird HP, Miller KJ, Stark JS (2011) Evidence of hidden biodiversity, ongoing
speciation and diverse patterns of genetic structure in giant Antarctic
amphipods. Molecular Ecology 20: 3439–3454.
47. Leese F, Agrawal S, Held C (2010) Long-distance island hopping without
dispersal stages: transportation across major zoogeographic barriers in a
Southern Ocean isopod. Naturwissenschaften 97: 583–594.
48. Demarchi M, Chiappero M, Tatia ´n M, Sahade R (2010) Population genetic
structure of the Antarctic ascidian Aplidium falklandicum from Scotia Arc and
South Shetland Islands. Polar Biology. pp 1–10.
49. Arango CP, Soler-Membrives A, Miller KJ (2010) Genetic differentiation in the
circum-Antarctic sea spider Nymphon australe (Pycnogonida; Nymphonidae).
Deep-Sea Research II 58: 212–219.
50. De Broyer C, Jaz _dz _ewski K, Dauby P (2003) Biodiversity patterns in the
Southern Ocean: lessons from Crustacea. In: Huiskes AHL, Gieskes WWC,
Rozema J, Schorno RML, van der Vies SM, et al., editor. Antarctic Biology
in a Global Context. Leiden, Netherlands: Backhuys. pp 201–214.
51. Rogers AD (2007) Evolution and biodiversity of Antarctic organisms: a
molecular perspective. Philosophical Transactions of the Royal Society B:
Biological Sciences 362: 2191–2214.
52. Brandt A (1999) On the origin of Antarctic Peracarida (Crustacea,
Malacostraca). Scientia Marina 63: S261–S274.
53. Brandt A (2005) Evolution of Antarctic biodiversity in the context of the past:
the importance of the Southern Ocean deep sea. Antarctic Science 17:
509–521.
54. Watling L, Thurston MH (1989) Antarctica as an evolutionary incubator:
evidence from the cladistic biogeography of the amphipod Family Iphimedii-
dae. In: Crame JA, ed. Origins and Evolution of the Antarctic Biota. Bath,
UK: The Geological Society. pp 297–313.
55. Clarke A, Crame JA (1992) The Southern Ocean benthic fauna and climate
change: a historical perspective. Philosophical Transactions of the Royal
Society B: Biological Sciences 338: 299–309.
56. Dauby P, Scailteur Y, De Broyer C (2001) Trophic diversity within the eastern
Weddell Sea amphipod community. Hydrobiologia 443: 69–86.
57. De Broyer C, Chapelle G, Duchesne P-A, Munn R, Nyssen F, et al. (2003)
Structural and ecofunctional biodiversity of the amphipod crustacean benthic
taxocoenoses in the southern ocean. Belgian Scientific Research Programme
on the Antarctic, phase 4, Scientific Results, vol 1: Marine Biota and Global
Change. Brussels, Belgium: Belgian Federal Public Planning Service Science
Policy. pp 1–58.
58. Jaz _dz _ewski K, Teodorczyk W, Sicin ´ski J, Kontek B (1991) Amphipod
crustaceans as an important component of zoobenthos of the shallow Antarctic
sublittoral. Hydrobiologia 223: 105–117.
59. Knox GA (2007) Biology of the Southern Ocean. Boca Raton, USA: CRC
Press. 621 p.
60. Stark JS, Riddle MJ, Smith SDA (2004) Influence of an Antarctic waste dump
on recruitment to nearshore marine soft-sediment assemblages. Marine
Ecology Progress Series 276: 53–70.
61. Tucker MJ, Burton HR (1988) The inshore marine ecosystem off the Vestfold
Hills, Antarctica. Hydrobiologia 165: 129–139.
62. Stark JS (2000) The distribution and abundance of soft-sediment macrobenthos
around Casey Station, East Antarctica. Polar Biology 23: 840–850.
63. Goldstein DB, Schlo ¨tterer C, eds. (1999) Microsatellites: Evolution and Applications.
New York, USA: Oxford University Press.
64. Jarne P, Lagoda PJL (1996) Microsatellites, from molecules to populations and
back. Trends in Ecology and Evolution 11: 424–429.
65. Parker PG, Snow AA, Schug MD, Booton GC, Fuerst PA (1998) What
molecules can tell us about populations: choosing and using a molecular
marker. Ecology 79: 361–382.
66. Sunnucks P (2000) Efficient genetic markers for population biology. Trends in
Ecology and Evolution 15: 199–203.
67. Wright JM, Bentzen P (1994) Microsatellites: genetic markers for the future.
Reviews in Fish Biology and Fisheries 4: 384–388.
68. Krabbe K, Leese F, Mayer C, Tollrian R, Held C (2010) Cryptic
mitochondrial lineages in the widespread pycnogonid Colossendeis megalonyx
Hoek, 1881 from Antarctic and Subantarctic waters. Polar Biology 33:
281–292.
69. Deprez PP, Arens M, Locher H (1999) Identification and assessment of
contaminated sites at Casey Station, Wilkes Land, Antarctica. Polar Record 35:
299–316.
70. Stark JS, Riddle MJ, Simpson RD (2003) Human impacts in soft-sediment
assemblages at Casey Station, East Antarctica: spatial variation, taxonomic
resolution and data transformation. Austral Ecology 28: 287–304.
71. Stark JS, Riddle M, Snape I, King C, Smith J, et al. (2011) Environmental
impact assessment of the Davis Station wastewater outfall. Section 1: Summary
of findings. Kingston, Tasmania, Australia: Australian Antarctic Division.
72. Howington JP, McFeters GA, Barry JP, Smith JJ (1992) Distribution of the
McMurdo Station sewage plume. Marine Pollution Bulletin 25: 324–327.
73. Hamilton MB, Pincus EL, Di Flore A, Fleischer RC (1999) Universal linker
and ligation procedures for construction of genomic DNA libraries enriched for
microsatellites. BioTechniques 27: 500–507.
74. Gautschi B, Tenzer I, Mu ¨ller JP, Schmid B (2000) Isolation and character-
ization of microsatellite loci in the bearded vulture Gypaetus barbatus and cross-
amplification in three Old World vulture species. Molecular Ecology 9:
2193–2195.
75. Gautschi B, Widmer A, Koella J (2000) Isolation and characterization of
microsatellite loci in the dice snake Natrix tessellata. Molecular Ecology 9:
2192–2193.
76. Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P (2004) Micro-
checker: software for identifying and correcting genotyping errors in
microsatellite data. Molecular Ecology Notes 4: 535–538.
77. Raymond M, Rousset F (1995) GENEPOP: Population genetics software for
exact tests and ecumenicism, version 1.2. Journal of Heredity 86: 248–249.
78. Rice WR (1989) Analyzing tables of statistical tests. Evolution 43: 223–225.
79. Goudet J (1995) Fstat version 1.2: a computer program to calculate Fstatistics.
Journal of Heredity 86: 485–486.
80. Peakall R, Smouse PE (2006) GENALEX 6: Genetic analysis in Excel.
Population genetic software for teaching and research. Molecular Ecology
Notes 6: 288–295.
81. Chakraborty R, Griffiths RC (1982) Correlation of heterozygosity and the
number of alleles in different frequency classes. Theoretical Population Biology
21: 205–218.
82. R Development Core Team (2011) R: A language and environment for
statistical computing. Vienna, Austria: R Foundation for Statistical Computing.
83. Reeves PA, Richards CM (2011) Species delimitation under the general lineage
concept: an empirical example using wild North American hops (Cannaba-
ceae: Humulus lupulus). Systematic Biology 60: 45–59.
84. Boissin E, Fe ´ral JP, Chenuil A (2008) Defining reproductively isolated units in a
cryptic and syntopic species complex using mitochondrial and nuclear markers:
the brooding brittle star, Amphipholis squamata (Ophiuroidea). Molecular
Ecology 17: 1732–1744.
85. Weir BS, Cockerham CC (1984) Estimating F-Statistics for the analysis of
population structure. Evolution 38: 1358–1370.
86. Balloux F, Lugon-Moulin N (2002) The estimation of population differenti-
ation with microsatellite markers. Molecular Ecology 11: 155–165.
87. Excoffier L, Laval G, Schneider S (2005) Arlequin ver. 3.0: an integrated
software package for population genetics data analysis. Evolutionary Bioinfor-
matics Online 1: 47–50.
88. Meirmans PG (2006) Using the AMOVA framework to estimate a
standardized genetic differentiation measure. Evolution 60: 2399–2402.
89. Goudet J (2005) Hierfstat, a package for R to compute and test hierarchical F-
statistics. Molecular Ecology Notes 5: 184–186.
90. Yang R-C (1998) Estimating hierarchical F-statistics. Evolution 52: 950–956.
91. Wright S (1951) The genetical structure of populations. Annals of Eugenics 15:
323–354.
92. Antao T, Lopes A, Lopes R, Beja-Pereira A, Luikart G (2008) LOSITAN: A
workbench to detect molecular adaptation based on a Fst-outlier method.
BMC Bioinformatics 9: 323.
93. Hemond EM, Wilbur AE (2011) Microsatellite loci indicate population
structure and selection between Atlantic and Gulf of Mexico populations of the
bay scallop Argopecten irradians. Marine Ecology Progress Series 423: 131–142.
94. Hellberg ME, Burton RS, Neigel JE, Palumbi SR (2002) Genetic assessment of
connectivity among marine populations. Bulletin of Marine Science 70:
S273–S290.
Genetic Connectivity in the Antarctic Benthos
PLoS ONE | www.plosone.org 9 March 2012 | Volume 7 | Issue 3 | e3436395. Kimura M (1953) ‘‘Stepping stone’’ model of population. Annual Report of the
National Institute of Genetics 3: 62–63.
96. Marko PB (2004) ‘What’s larvae got to do with it?’ Disparate patterns of post-
glacial population structure in two benthic marine gastropods with identical
dispersal potential. Molecular Ecology 13: 597–611.
97. Selkoe KA, Toonen RJ (2006) Microsatellites for ecologists: a practical guide to
using and evaluating microsatellite markers. Ecology Letters 9: 615–629.
98. Hedrick PW (1986) Genetic polymorphism in heterogeneous environments: a
decade later. Annual Review of Ecology and Systematics 17: 535–566.
99. Everitt DA, Poore GCB, Pickard J (1980) Marine benthos from Davis Station,
Eastern Antarctica. Australian Journal of Marine and Freshwater Research 31:
829–836.
100. O’Brien PE, Stark JS, Johnstone G, Smith J, Riddle MJ (2011) Seabed
character and habitats of a rocky Antarctic coastline: Vestfold Hills, East
Antarctica. In: Harris P, ed. Seafloor Geomorphology as Benthic Habitat
Elsevier. In Press.
101. Kalinowski ST (2004) Counting Alleles with Rarefaction: Private Alleles and
Hierarchical Sampling Designs. Conservation Genetics 5: 539–543.
102. Bach L (2009) Costs and consequences for populations to adapt to life in
contaminated environments – a field study on an arctic amphipod. PhD
Thesis. Roskilde, Denmark: Roskilde Universitet.
103. Lowe WH, Allendorf FW (2010) What can genetics tell us about population
connectivity? Molecular Ecology 19: 3038–3051.
104. Kimura M, Weiss GH (1964) The stepping stone model of population structure
and the decrease of genetic correlation with distance. Genetics 49: 561–576.
105. Wilson AB, Boates JS, Snyder M (1997) Genetic isolation of populations of the
gammaridean amphipod, Corophium volutator, in the Bay of Fundy, Canada.
Molecular Ecology 6: 917–923.
106. Hess H, Bingham B, Cohen S, Grosberg RK, Jefferson W, et al. (1988) The
scale of genetic differentiation of Leptosynapta clarki (Heding), an infaunal
brooding holothuroid. Journal of Experimental Marine Biology and Ecology
122: 187–194.
107. Carvalho GR (1989) Microgeographic genetic differentiation and dispersal
capacity in the intertidal isopod, Jaera albifrons Leach. In: Ryland JS, Tyler PA,
eds. Reproduction, Genetics and Distributions of Marine Organisms.
Fredensborg, Denmark: Olsen and Olsen. pp 265–272.
108. Bastidas C, Benzie JAH, Fabricius KE (2002) Genetic differentiation among
populations of the brooding soft coral Clavularia koellikeri on the Great Barrier
Reef. Coral Reefs 21: 233–241.
109. Mahon A, Arango C, Halanych K (2008) Genetic diversity of Nymphon
(Arthropoda: Pycnogonida: Nymphonidae) along the Antarctic Peninsula with
a focus on Nymphon australe Hodgson 1902. Marine Biology 155: 315–323.
110. De Broyer C, Jaz _dz _ewski K (1993) Contribution to the marine biodiversity
inventory: a checklist of the Amphipoda (Crustacea) of the Southern Ocean.
Documents de Travail de l’Institut royal des Sciences naturelles de Belgique 73:
1–154.
111. Cohen AS, Johnston MR (1987) Speciation in brooding and poorly dispersing
lacustrine organisms. Palaios 2: 426–435.
112. Larsson LC, Laikre L, Palm S, Andre ´ C, Carvalho GR, et al. (2007)
Concordance of allozyme and microsatellite differentiation in a marine fish,
but evidence of selection at a microsatellite locus. Molecular Ecology 16:
1135–1147.
113. Nielsen EE, Hansen MM, Meldrup D (2006) Evidence of microsatellite hitch-
hiking selection in Atlantic cod (Gadus morhua L.): Implications for inferring
population structure in nonmodel organisms. Molecular Ecology 15:
3219–3229.
114. Andre ´ C, Larsson LC, Laikre L, Bekkevold D, Brigham J, et al. (2011)
Detecting population structure in a high gene-flow species, Atlantic herring
(Clupea harengus): direct, simultaneous evaluation of neutral vs putatively selected
loci. Heredity 106: 270–280.
115. Vasema ¨gi A, Primmer CR (2005) Challenges for identifying functionally
important genetic variation: the promise of combining complementary
research strategies. Molecular Ecology 14: 3623–3642.
116. Arnaud PM (1977) Adaptations within the Antarctic marine benthic ecosystem.
In: Llano GA, ed. Adaptations Within Antarctic Ecosystems. Washington
D.C., USA: Smithsonian Institute. pp 135–158.
117. Dell RK (1972) Antarctic Benthos. In: Russell FS, Yonge M, eds. Advances in
Marine Biology. London, UK: Academic Press. pp 1–216.
118. Hedgpeth JW (1970) Marine biogeography of the Antarctic regions. In:
Holdgate MW, ed. Antarctic Ecology. London, UK: Academic Press. pp
97–104.
119. White MG (1984) Marine benthos. In: Laws RM, ed. Antarctic Ecology.
London, UK: Academic Press. pp 421–461.
120. Gutt J (2007) Antarctic macro-zoobenthic communities: a review and an
ecological classification. Antarctic Science 19: 165–182.
121. Ragua ´-Gil JM, Gutt J, Clarke A, Arntz WE (2004) Antarctic shallow-water
mega-epibenthos: shaped by circumpolar dispersion or local conditions?
Marine Biology 144: 829–839.
122. Ehrlich PR, Raven PH (1969) Differentiation of populations. Science 165:
1228–1232.
123. Rieseberg LH, Church SA, Morjan CL (2004) Integration of populations and
differentiation of species. New Phytologist 161: 59–69.
124. Picken GB (1980) Reproductive adaptations of Antarctic benthic invertebrates.
Biological Journal of the Linnean Society 14: 67–75.
125. Lande R, Shannon S (1996) The role of genetic variation in adaptation and
population persistence in a changing environment. Evolution 50: 434–437.
126. Guttman SI (1994) Population genetic structure and ecotoxicology. Environ-
mental Health Perspectives 102: S97–S100.
127. Nevo E, Noy R, Lavie B, Beiles A, Muchtar S (1986) Genetic diversity and
resistance to marine pollution. Biological Journal of the Linnean Society 29:
139–144.
128. Chapman PM, Riddle MJ (2005) Toxic effects of contaminants in polar marine
environments. Environmental Science & Technology 39: 200A–206A.
129. Griffiths HJ (2010) Antarctic marine biodiversity - what do we know about the
distribution of life in the Southern Ocean? PLoS ONE 5: e11683. doi:10.1371/
journal.pone.0011683.
Genetic Connectivity in the Antarctic Benthos
PLoS ONE | www.plosone.org 10 March 2012 | Volume 7 | Issue 3 | e34363